The efficiency of photovoltaic devices fabricated from blends of regioregular poly͑3-hexylthiophene͒ and ͕6,6͖-phenyl C 61 -butyric acid methylester was improved by introducing a thin Au layer and LiF spacer prior to evaporation of Al contacts onto the polymer blend. Using an optimized Au/LiF/Al electrode gave a 20%-30% improved power efficiency over devices with only LiF/Al for AM1.5 irradiation. The increased efficiency is primarily due to the increased photocurrent, and we present spectroscopic data suggesting that this can be ascribed to plasmon enhancement of the polymer absorption by nanotextured Au.
Considerable effort has been devoted to the development of solar cells based on conjugated polymers as a promising alternative source of electrical energy. [1] [2] [3] [4] New device structures, 2 materials, 3 and approaches 5 have been developed to improve polymer solar cell performance and devices based on bulk heterojunctions. Those formed from blended regioregular poly͑3-hexylthiophene͒ ͑P3HT͒ and ͕6,6͖-phenyl C 61 -butyric acid methylester ͑PCBM͒ exhibit efficiencies near 5.0% with optimized device structure and fabrication conditions. 6 Here we describe an electrode structure that exploits surface plasmon enhancement of the polymer absorption to improve the efficiency of P3HT:PCBM blend devices.
Excitation of surface plasmons in thin metal films has been demonstrated to enhance absorption of light of nearby molecules, 7 photoluminescence, 8 and Raman scattering. The phenomenon has been applied to molecular sensing, 9 photovoltaic devices, 10, 11 and light-emitting devices. 12 Additional work has demonstrated even more dramatic effects using surface plasmon resonance associated with nanotextured thin metal films and gratings that increase the efficiency of photoluminescence, 13 light-emitting devices, 14, 15 and photodetectors. 16 The effect has also been shown to be partly responsible for the enhancement of organic solar cells by the incorporation of nanotextured metal. [17] [18] [19] [20] [21] In this letter, we report the enhancement of photocurrent and power conversion efficiency ͑PCE͒ in P3HT:PCBM bulk heterojunction photovoltaic devices utilizing surface plasmon enhancement by the incorporation of nanotextured metal into the cathode structure.
The polymer photovoltaic devices we have studied consist of a blended P3HT:PCBM thin film sandwiched between indium tin oxide ͑ITO͒ and the modified metallic cathode described below. The films were spin cast under the ambient atmosphere. A buffer layer of poly͑ethylenedioxythiophene͒ doped with poly͑styrenesulfonate͒ ͑PEDOT:PSS͒ of about 120 nm thickness was obtained by spin coating an aqueous solution ͑Baytron PVP Al 4083͒ onto ITO coated glass substrates, followed by annealing at 120°C for 15 min under mild vacuum of 10 −2 Torr. Solutions containing P3HT
and PCBM with 1:1 weight ratio dissolved in 1,2-dichlorobenzene were spin coated in air on top of the PEDOT:PSS to form ϳ130 nm thick films that were also annealed at 120°C for 15 min under mild vacuum of 10 −2 Torr. Finally, Au, LiF, and Al layers were thermally deposited onto the P3HT:PCBM blend in a chamber with base pressure 10 −5 Torr to form the cathode. The active area of the devices was 0.1 cm 2 . Current-voltage characteristics were measured by a Keithley 2400 source-measure unit and photoexcitation provided by a 450 W Oriel Xe lamp with an AM1.5G filter, providing an illumination intensity of 100 mW/ cm 2 under ambient atmospheric conditions. Surface plasmon resonance of metallic nanoparticles is characteristic of the type of metal used and is sensitive to the sizes, shapes, and arrangements of nanoparticles as well as the surrounding environment. 7, 15, 19 Using evaporated nanotextured metallic films, the surface plasmon resonance wavelength can be adjusted by its film thickness as illustrated for gold films in Fig. 1͑a͒ . The redshifted absorption with increasing thickness is caused by interactions between plasmons from individual gold islands as their separation is reduced and can be used to tailor the plasmon resonance to enhance the red portion of the P3HT:PCBM film absorption that contributes most to solar absorption. In the full cathode structure described above, the absorption spectra are also affected by the thickness of a LiF layer separating the Au and Al layers as documented by Fig. 1͑b͒ . When the gold and aluminum are in contact, surface plasmons in the gold can be dissipated efficiently and the effect of a LiF spacer layer is to restore the red plasmon resonance characteristic of the nanometer sized Au islands. 22 The results in Fig. 1͑b͒ suggest that it is possible for properly engineered Au/LiF/Al cathode structures to retain the desirable plasmonic features of nanotextured metals and lead to absorption and photocurrent enhancement in organic photovoltaics. The P3HT:PCBM film extinction is significantly increased by the deposition of gold ͓Fig. 1͑c͔͒, although this result cannot be simply interpreted as enhanced absorption by the polymers.
To investigate the effects of incorporating plasmonic properties into the cathode structure on the efficiency of polymer solar cells, we fabricated sets of eight types of devices. Figure 2 shows the current-voltage curves for the best device of each type, while Fig. 3 dard deviations for the characteristics of eight devices made with each of the eight structures. Generally speaking, the variation between devices with a given structure is significantly less than the variation between devices with different structures so that we are able to make meaningful conclusions about optimal device architectures from our data. The devices with Au6/LiF1.5/Al exhibit the best performance. The short-circuit current of the worst of these devices is over 10% larger than the short-circuit current of the best performing device having a LiF/Al layer without Au. Figure 2͑b͒ illustrates the effect of the LiF spacer by showing currentvoltage characteristics for the best device from each set where the gold was 6 nm thick. The structure of Au6/ LiF2.5/Al has the largest short-circuit current. Consistent with our conclusions from the absorption spectra in Fig. 1 , we believe that a substantial LiF spacer serves to allow the nanotextured gold film to retain strong plasmonic properties. Of course, LiF layers that are too thick serve as insulators that inhibit electron extraction at the cathode. Our data suggest that 2.5 nm thick layers are an optimal compromise.
As is evident from Fig. 3 , the open circuit voltage and fill factor do not significantly change with increasing Au layer thickness. However, when we used Au/Al, Al, or Au without LiF as the cathode, the open voltage and fill factor are only 0.46 and 0.40 V, respectively. This is consistent with the observations of Brabec et al. 23 who reported that solar cells with LiF/Al or Au electrodes can significantly enhance open circuit voltage and fill factors relative to devices with only Al or Au electrodes. We take this to mean that the LiF layer in our Au/LiF/Al electrodes remains in direct contact with the P3HT:PCBM film and that the Au film exists as a discontinuous nanotextured film. Diffusion of the gold to form discrete islands is consistent with our expectations and with previous work. 24 We also believe that the electrical discontinuity of the gold means that improvements due to incorporation of Au cannot be ascribed to changing the cathode properties.
The fact that the essential difference in the devices with incorporated gold is in enhanced photocurrent rather than effects on open circuit voltage or fill factor also argues strongly for an explanation based on plasmon-enhanced absorption by the polymers. This argument can further be strengthened by an examination of the wavelength dependence of the photocurrent.
19 Figure 4͑a͒ shows the spectrally resolved photocurrent of best devices of four types. The photocurrent in the range from 450 to 600 nm where Au surface plasmon resonance is strong ͑cf. Fig. 1͒ is increased substantially in the devices that have Au incorporated into the cathode structure. Figure 4͑b͒ shows this even more clearly by plotting the photocurrent versus wavelength normalized to that of the devices without the Au film. These relative curves roughly match the extinction spectrum profiles of the Au/ LiF/Al thin films and provide strong evidence that the plasmon enhancement of the P3HT:PCBM absorption by the nanotextured gold film is the root cause of the efficiency improvement of the solar cells. We also note that multiple particle plasmon resonance in gold extends to the near infrared and has the additional benefit of preferential enhancement of polymer absorption in the red to achieve better match to the solar spectrum.
In conclusion, conjugated polymer bulk heterojunction devices with suitably tailored Au/LiF/Al layered cathodes showed 20%-30% improved short-circuit current density and PCE over devices without gold. We interpret the changes in spectral response and effects of LiF thickness variation to mean that the introduction of a nanotextured Au thin film increases the absorption of the P3HT:PCBM thin film through plasmon-assisted localization of the electromagnetic field of the incident light. This strategy can be expected to yield direct improvements to even the highest efficiency polymer devices since it involves minimal perturbation to the morphology of the charge photogeneration layer and, judging by open circuit voltages, apparently has little effect on the contact efficiency. 
